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Edited by Michael R. BubbAbstract The bacterium Agrobacterium tumefaciens mediates
quorum sensing via TraR, a N-3-oxo-octanoyl-L-homoserine lac-
tone (OOHL) signaling transcription factor. TraR consists of an
N-terminal Per-Arnt-Sim domain (PAS-domain) containing
OOHL and a C-terminal helix-turn-helix motif (HTF-motif)
binding DNA, thus comprising a complete signaling pathway.
Using Molecular Dynamics, we investigate the inﬂuence of
OOHL on the dynamics of the protein. The OOHL binding
pocket is in contact with water, leading to dynamic changes in
OOHL–protein interactions. These rearrangements increase
ﬂuctuations in the PAS-domain, and, interestingly, also enhance
ﬂuctuations in the HTF-motif. Our results imply OOHL in
inducing ﬂuctuations in TraR that may facilitate DNA binding.
 2008 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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PAS-domain1. Introduction
In the plant pathogen Agrobacterium tumefaciens quorum
sensing regulates replication and conjugal transfer of a plasmid
that causes tumors in the host. Similar to LuxR from Vibrio
ﬁscherii [1], the A. tumefaciens receptor protein TraR senses
N-3-oxo-octanoyl-L-homoserine lactone (OOHL) [2] as auto-
inducing molecule. In absence of the auto-inducer, TraR
resides in the bacterial inner membrane as a monomer. At
suﬃciently high OOHL concentrations TraR enters into the
cytoplasm, folding around OOHL into a two-domain structure
that forms dimers [2,3]. This dimeric complex of two TraR-
OOHL subunits binds to nucleotide sequences called tra-
boxes, thereby activating transcription via interactions with
RNA polymerase [3,4].Abbreviations: OOHL, N-3-oxo-octanoyl-L-homoserine lactone; PAS-
domain, Per-Arnt-Sim domain; HTH-motif, helix-turn-helix motif;
MD, molecular dynamics; RMSF, root mean square ﬂuctuation
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doi:10.1016/j.febslet.2008.01.062Several studies on the TraR protein and its homologues have
indicated that this protein comprises two domains with a
distinctly diﬀerent function. The N-terminal domain binds
one auto-inducer molecule and mediates dimerization [5],
whereas the C-terminal domain binds DNA. As the crystal
structure of TraR shows, the N-terminal domain belongs to
the PAS-family of signaling and dimerizing proteins and the
C-terminal domain has a classical helix-turn-helix (HTH)
motif for DNA binding [6,7] (Fig. 1A). Intriguingly, the two
monomers have a diﬀerent domain organization, resulting in
a compact (monomer m1) and a more elongated conformation
(monomer m2). In both monomers, the Per-Arnt-Sim domain
(PAS-domain) has a similar conformation and contains the
auto-inducer deeply embedded within its fold. In Fig. 1B, we
used the central b-sheet in the PAS-domain as a reference
point to superimpose both conformations, emphasizing the
compact and elongated character of m1 and m2, respectively.
TraR comprises the shortest signaling pathway involving a
PAS-domain [8] and is therefore an excellent model system
to study intra-molecular biological signal transduction in
atomistic detail.
In this study, we investigate the eﬀect of OOHL on the
dynamics of TraR using Molecular Dynamics (MD) simula-
tions. Our ﬁndings show that hydration of the OOHL binding
pocket leads to increased conformational heterogeneity of this
region. These enhanced ﬂuctuations also aﬀect the dynamics of
the HTH-motif.2. Methods
The TraR crystal structure at 1.66 A˚ resolution (PDB-code 1L3L [7])
reveals TraR as a dimer, with one monomer in a compact conforma-
tion (m1) and the second monomer in a more elongated conformation
(m2) (Fig. 1B). We performed MD simulations of both conformations,
in presence and absence of the auto-inducer, at ambient conditions,
using the GROMACS software package [9].
In the crystal structure no coordinates for a ﬂexible loop between the
PAS-domain and the HTH-motif (residues 163–171; see Fig. 1C for
residue numbering) were available. Also the positions of several side
chain atoms located at the protein surface were missing. Using the
structure at 3.0 A˚ resolution (PDB-code 1HOM [6]) preliminary
models for these disordered regions were obtained. The completed
structures were used as starting point for MD simulations, preceded
by preparation as described in the Supplementary Material. For each
monomer, we initiated two separate runs, comprising 20 ns of sam-
pling for m1 and 10 ns of sampling for m2.
For each trajectory, we calculated the root mean square ﬂuctuation
(RMSF) per residue. This calculation was preceded by ﬁtting allblished by Elsevier B.V. All rights reserved.
Fig. 1. Structure of TraR. (A) The crystal structure of the TraR–DNA complex in ribbon representation, colored according to secondary structure,
pink for a-helices, purple for N-terminal a-helices a1 and a2 and yellow for b-strands. The labels ‘‘PAS’’, ‘‘HTH’’, ‘‘m1’’ and ‘‘m2’’ indicate the PAS-
domain and the HTH-motif, monomer 1 and monomer 2, respectively. M2 is colored less bright than m1. The auto-inducer is shown as green stick
model. (B) Overlay of the compact and elongated conformation, using the central b-sheet in the PAS-domain as a reference point. (C) The amino acid
sequence of TraR, with secondary structure elements indicated in pink for a-helices, blue for N-terminal a-helices a1 and a2 and yellow for b-strands.
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We calculated the RMSF for each run separately, enabling error esti-
mation. In addition, we also calculated the hydration of the auto-indu-
cer binding pocket, using the hydrogen bond diﬀerence D, deﬁned as:
D ¼ 2Np–p  Np–s ð1Þ
with Np–p the number of hydrogen bonds between protein atoms (i.e.
the auto-inducer binding pocket) and Np–s the number of hydrogen
bonds between protein and solvent [10]. In our deﬁnition of the
auto-inducer binding pocket, we used residues Tyr53, Trp57, Tyr61,
Asp70, Tyr102, Thr115, Thr129 and OOHL, if present.3. Results and discussion
The quorum sensor TraR activates transcription as a dimer,
binding two OOHL molecules. Its crystal structure shows that
the complex contains two diﬀerent monomer conformations,
the compact monomer m1 and the elongated monomer m2
(Fig. 1B). We performed MD simulations of the two mono-
mers to investigate the eﬀect of the auto-inducer on the dynam-
ics of the protein. Fig. 2A shows the root mean square
ﬂuctuation (RMSF) per residue for each monomer in absence
and presence of OOHL. Comparison of the ﬂuctuations of m1
and m2, in presence of OOHL, shows that m2 exhibits larger
ﬂuctuations in several regions (Fig. 2A, upper panel). In ab-
sence of OOHL the ﬂuctuations in m2 have decreased signiﬁ-
cantly, whereas little changes in RMSF occur for m1
(Fig. 2A, lower panel).
In m1, the presence of OOHL lowers the ﬂuctuations of the
linker region (residues 165–170) and of the loop connecting
strands b4 and b5 to RMSF values of 0.35 and 0.25 nm,
respectively. Without OOHL, these regions have RMSF values
that are 0.5 nm higher. Focusing on m2 in more detail reveals
striking diﬀerences in the ﬂuctuations of the HTH-motif (resi-
dues 172–234). This region has ﬂuctuations between 0.35 and
0.8 nm in presence of OOHL, whereas the absence of OOHL
results in RMSF values of around 0.3 nm. Also the RMSF
for the N-terminal helices a1 and a2 (regions 1–34) is larger
in the presence of OOHL. As expected, residues in close con-
tact with the auto-inducer (indicated as black dots on the cen-
tral axis of Fig. 2A) have higher RMSF values when OOHL is
present. Finally, the loop connecting strand b1 and b2 exhibitsﬂuctuations of around 0.4 nm when OOHL is present, that
lower to 0.2 nm in its absence.
To understand the ﬂuctuations in terms of protein confor-
mation Fig. 2B and C displays ribbon representations of sim-
ulation snapshots of m1 and m2, respectively, colored
according to the RMSF per residue. In m1 the N-terminal heli-
ces are restricted in their conformational freedom, as they are
part of the interface between the PAS-domain and the HTH-
motif. Residues in these N-terminal helices form a network
of hydrogen bonds and salt bridges with the HTH-motif.
These interactions do not exist in the m2 conformations, and
consequently these helices and the HTH-motif have more free-
dom to move. Fig. 2D and E shows snapshots from the m1 and
m2 simulations without OOHL. The absence of OOHL slightly
enhances ﬂuctuations of the b4b5-loop and the linker region.
In m2, the HTH-motif has come closer to the PAS-domain, en-
abling interactions between helix a11 and the loop regions con-
necting strand b1 and b2, and strands b4 and b5. These results
indicate that the auto-inducer enhances ﬂuctuations not only
in its direct environment, but also in another domain, in the
elongated m2 conformation. As very ﬂexible domains can
cause crystallization to fail, the observation that Vannini
et al. did not succeed in crystallizing the TraR complex in ab-
sence of DNA, indicates that at least one HTH-motif exhibits
large ﬂuctuations [6]. Interestingly, comparable eﬀects of signal
molecule binding on an HTH-motif have been implied, via
structural analyses, for the FadR–DNA complex of Esche-
richia coli [11].
Visual inspection of the trajectories shows that in all simula-
tions including OOHL, dynamical changes occur in the hydro-
gen bond network around OOHL. Most striking in these
hydrogen bond rearrangements is the interaction with water
molecules from the bulk outside the protein. Fig. 3A and B
shows snapshots of hydrophilic interactions in the auto-indu-
cer binding pocket. In all starting conﬁgurations, Asp70 acts
as a hydrogen bond acceptor for both the NH group of OOHL
and the OH group of Tyr61. Since Asp70 and Tyr61 are acces-
sible to solvent, water molecules interfere with the Asp70–
Tyr61 hydrogen bond, disrupting interactions between Asp70
and OOHL (Fig. 3A). As a consequence, OOHL can adopt dif-
ferent conformations, facilitating further changes in the hydro-
gen bond network. These changes include Tyr53 interacting
Fig. 2. Fluctuations in TraR. (A) Fluctuations in atomic displacement are averaged for each residue in TraR in nm. The error bars are obtained from
two separate MD runs. Secondary structure is highlighted at the horizontal axis with pink circles indicating a-helices, purple circles indicating
N-terminal a-helices a1 and a2, and orange triangles indicating b-strands. The black dots indicate residues within a distance of 0.6 nm of the auto-
inducer. (B–E) Coil representations of conformations sampled in the simulations of (B) m1 with auto-inducer present, (C) m2 with auto-inducer
present, (D) m1 with auto-inducer absent and (E) m2 with auto-inducer absent. The coils are colored according to the RMSF, as indicated by the bar.
The star indicates the b1b2-loop.
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interaction causes a change in the orientation of the b1b2-loop.
Fig. 3C shows a snapshot of the auto-inducer binding pocket
in absence of OOHL. Hydration of the auto-inducer binding
pocket occurs via the hydrogen bond between Tyr61 and
Asp70, and via the interaction between Tyr53 and Thr35.
To quantify the hydration of the auto-inducer binding pock-
et, we calculated the hydrogen bond diﬀerence D [10] for the
hydrophilic residues comprising the auto-inducer binding
pocket. A more detailed description can be found in Section
2. D has a value of 7 in the crystal structure, and a value of
4 after removal of OOHL. Lower values for D indicate protein
atoms with broken hydrogen bonds and hydrogen bonds with
water molecules. Fig. 3D shows D as a function of the simula-
tion time for all simulations. At the start of the simulations
(t = 0 ps), the values for D diﬀer, due to changes in the hydro-
gen bond network that occurred during equilibration. For m1
(Fig. 3D, upper graph), in presence of OOHL, D ﬂuctuates be-
tween a hydrated state (D = 5), a partially hydrated state
(D = 0) and a dry state (D = 5–10). In absence of OOHL, this
behavior is less pronounced, with D ﬂuctuating between 5
and 4. The hydration of the auto-inducer binding pocket in
m2 occurs on a slower time scale, compared to m1 (Fig. 3D,
lower graph). In presence of OOHL, D remains constant for
more than 5 ns (including equilibration) and then water mole-
cules enter the protein interior, lowering D to a value of 0. In
absence of OOHL, the two separate runs sample a dry and a
hydrated state, that change little during the simulation time
of 10 ns.
Our observations that the auto-inducer and its close sur-
roundings adopt diﬀerent conformations, compares well with
a structural investigation of the N-terminal domain of SdiA,
a quorum sensor from E. coli [12]. The NMR structure of SdiA
closely resembles the N-terminal domain of TraR [12] but also
shows conformational heterogeneity of the auto-inducer andof Asp80, homologous to Asp70 in TraR. Comparing the
structures of TraR and SdiA reveals that in the crystal struc-
ture of TraR the auto-inducer binding pocket is completely
closed oﬀ from bulk water, whereas in SdiA, the binding pock-
et contains holes that connect the binding pocket with the out-
side. One such hole in SdiA is formed by an open orientation
of the b1b2-loop, which is closed in the TraR crystal structure.
Interestingly, the RMSF analysis indicated increased ﬂuctua-
tions for this loop in the presence of OOHL. In m2, the
b1b2-loop is oriented toward the HTH-motif, and conse-
quently, changes in the conformation of the b1b2-loop will af-
fect the dynamics of the HTH-motif. In m1, the b1b2-loop is
diﬀerently oriented, and not restrained by interactions with
other protein atoms in the monomer and even in the dimer
(Fig. 1A). The diﬀerence in orientation also explains why the
hydration dynamics in m2 are slower than in m1, since in
m2 opening the auto-inducer binding pocket involves pushing
away the HTH-motif, whereas in the latter only a ﬂexible loop
has to change conformation to enable hydration of the binding
pocket.
To conclude, the b1b2-loop appears to play an important
role in the communication of OOHL-induced ﬂuctuations to
the HTH-motif in m2. The linker region connecting the
PAS-domain and the HTH-motif seems less important. This
region forms an additional strand (b6) in the PAS b-sheet,
hydrogen bonding to b2. Conformational changes in the
b1b2-loop will also aﬀect this region, as evidenced by slightly
higher RMSF values for the linker region in presence of
OOHL in m2 (Fig. 2A).
Before relating our observations to the biological function of
TraR, we would like to stress that TraR is a challenging system
to study with molecular simulation, due to its large size. There-
fore, we performed MD simulations only on the isolated
monomers. Nevertheless, these simulations may still give some
insight into the molecular mechanism underlying the binding
Fig. 3. Hydration of the auto-inducer binding pocket. (A–C) Snapshots of the auto-inducer binding pocket. Side chains of residues participating in
the hydrogen bond network around OOHL, interacting water molecules and OOHL are displayed as stick models. Carbon atoms of OOHL are
highlighted in green. The dotted lines indicate hydrogen bonds. The snapshots, respectively, show (A) the hydrated Tyr61–Asp70 hydrogen bond, (B)
a water molecule interacting with OOHL and a hydrogen bond between Tyr53 and Thr35 and (C) the hydration of an empty auto-inducer binding
pocket. (D) Hydrogen bond diﬀerence D as function of simulation time. The negative time indicates the equilibration period.
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of the elongated monomer m2 has increased ﬂuctuations in
the presence of OOHL, supported by failed crystallization
experiments in absence of DNA [6]. The main function of an
HTH-motif is to bind DNA, but the protein must ﬁrst ﬁnd
the correct location before binding can occur. Since an object
exhibiting large-amplitude motions will visit each point in a gi-
ven volume much faster than an object that hardly moves, we
speculate that the ﬂexible HTH-motif in m2 with OOHL will
facilitate DNA recognition and binding faster than the less
ﬂexible HTH-motif in m2 without OOHL or the rigid HTH-
motif in m1. Further extending our speculation, a higher eﬃ-
ciency in binding DNA would be gained with both monomers
in elongated conformation, as then a larger volume becomes
available in which to search for DNA. Binding DNA would
then induce the compact conformation of m1. This speculation
holds only if the formation of the TraR dimer is not induced
by the presence of DNA. Chai et al. have shown that dimeriza-
tion of TraR is driven by the PAS-domains and that dimeriza-
tion does not require DNA [5]. In addition, Kataoka et al.showed that dimer formation occurs before DNA binding
[4]. To conclude our speculation, we propose that the
OOHL-induced ﬂexible m2 conformation is the dominant con-
formation of TraR in absence of DNA.
In conclusion, using molecular simulation we have shown
that the binding pocket of the auto-inducer of TraR is acces-
sible to water molecules from the bulk, that cause rearrange-
ments in the hydrogen bonding network around the auto-
inducer and in the loop connecting strands b1 and b2.
Furthermore, we have shown that the presence of the TraR
auto-inducer OOHL has a signiﬁcant eﬀect on the dynamics
of the DNA binding HTH-motif in the elongated conforma-
tion m2.Appendix A. Supplementary material
Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.febslet.2008.
01.062.
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